Various soluble and insoluble proteins (6.25 rag) were incubated at 37 C with partially purified protease from Bacteroides amylophilus (156 ~tg) in 2.0 ml of .1 M potassium phosphate buffer, pH 7.6, for 2, 4, 6 and 18 hr, and the liberated amino acids were determined by the ninhydrin method. Results showed that (1) although soluble, serum albumin and ribonuclease A were resistant to hydrolysis; (2) soluble and insoluble proteins of soybean meal were hydrolyzed at almost identical rates; (3) soluble proteins from soybean meal, rapeseed meal and casein were hydrolyzed at different rates, and (4) treatment of resistant proteins (serum albumin, ribonuclease A and insoluble fish meal and rapeseed meal proteins) with mercaptoethanol in 8 M urea or oxidation with performic acid rendered these proteins susceptible to hydrolysis. It is concluded that (1) solubility or insolubility of a protein is not by itself an indication of the protein's resistance or susceptibility to hydrolysis by rumen bacterial protease; (2) structural characteristics of the proteins may be important, and (3) one of the properties which renders feed protein resistant to degradation is the presence of crosslinking disulfide bonds.
Introduction
From the early in vitro studies of Henderickx and Martin (1963) , it is generally assumed that ~ Contribution No. 878 from the Anita. Res. Inst. 2The authors acknowledge the help of Dr. R. M. Teather in identifying and growing cultures of Bacteroides araylopbilus and Mr. L. R. Beaton for technical assistance. degradation of proteins by rumen microorganisms is directly related to solubility of these proteins in rumen fluid or mineral buffer of comparable ionic strength and pH (Wohh et al., 1973; Crooker et al., 1978) . For practical purposes, in vitro solubility of total nitrogen (composed of protein, amino acids, small peptides and other nitrogenous compounds) is considered to be synonymous with degradability (Broderick, 1975) . However, soluble proteins such as serum albumin (Annison, 1956 ) and ovalbumin (Mangan, 1972) are known to be resistant to degradation in vivo. Mahadevan et al. (1979) observed such resistance in vitro, too. These results indicate that, in addition to solubility, other properties of proteins might be involved in determining the proteins' susceptibility or resistance to degradation by rumen enzymes.
The purpose of the present experiments was to determine (1) whether all soluble proteins are equally susceptible to degradation by rumen enzymes, 2) whether all insoluble proteins are resistant to degradation and 3) what mechanisms may be involved in the natural resistance of certain proteins to degradation.
Materials and Methods
Bacteroides Amylophilus Protease. Cultures of B. amylophilus strain H18 (obtained from Dr. C. W. Forsberg, University of Guelph, Ontario, and from Dr. M. P. Bryant, University of Illinois, Urbana) were maintained and grown in the medium described by Blackburn and Hullah (1974) . The protease was partially purified from sonically disrupted cells by ammonium sulfate precipitation, adsorption on calcium phosphate gel and chromatography on Bio-gel A. Details of the purification and studies on the properties of the enzyme will be reported separately. The preparation used in 723 JOURNAL OF ANIMAL SCIENCE, Vol. 50, No. 4, 1980 the present study had a specific activity of 1.2 mg casein hydrolyzed per milligram enzyme per hour, which represented a purification of about tenfold over activity with whole cells. Activity of the preparation was assayed with diazotized casein as described by Mahadevan et al. (1979) .
Crude Rumen Microbial Fraction. This fraction was prepared exactly as described by Mahadevan et al. (1979) and was stored at -20 C.
Purified The feedstuff (soybean meal, rapeseed meal and fish meal) ground to 60 mesh was stirred with .1 M potassium phosphate buffer, pH 6.8, at room temperature for 2 hours. Amounts of feedstuff from 10 to 30 g were stirred with 100 ml of buffer to provide a sufficient quantity of soluble protein.
Soluble and insoluble fractions were separated by centrifugation at 30,000 x g for 20 rain in a Sorvall RC-5 refrigerated centrifuge. The sediment was washed three or four times with buffer and finally resuspended in .1 M potassium phosphate buffer, pH 7.6.
The soluble fraction was dialyzed against .1 M phosphate buffer, pH 6.8, for 72 hr in the cold, with three or four changes of buffer to remove small molecular weight, ninhydrinpositive material. In the case of fish meal soluble fraction, because the amount of protein solubilized was small, it was concentrated by precipitation with ammonium sulfate (80% saturation). The precipitated protein was collected by centrifugation, dissolved in a small volume of .1 M phosphate buffer, pH 6.8, and dialyzed, as were the other samples. The pH of the final protein fractions (soluble and insoluble) was adjusted to 7.6.
Soluble and Insoluble Protein Fractions
from Diazotized Soybean Meal. Diazotized soybean meal, prepared by the method of Mahadevan et al. (1979) , was extracted as described above, except that the washing and dialysis steps were omitted. Mercaptoethanol Reduction of Proteins. The procedure was essentially the same as that described by White (1967) . Freshly crystallized urea (10 g) and .4 ml of mercaptoethanol were dissolved in 10 ml of water. The pH was adjusted to 8.5 with aqueous triethylamine. The protein (serum albumin 200 mg) was dissolved in this mixture, and the pH was again adjusted to 8.5. The total volume was made to 20 ml, and the mixture was transferred to a tube, flushed with nitrogen, closed and left at room temperature for 5 hours. The mixture was then dialyzed for 72 hr in the cold against several changes of .1 mM mercaptoethanol.
Reduction of other feedstuffs (insoluble rapeseed meal, insoluble fish meal) was similarly accomplished, with the proportions of urea and mercaptoethanol and the total volume adjusted according to the amount of protein used.
Preparation of Diazotized Insoluble Fish Meal and Mercaptoetbanol Reduced Insoluble
Diazo Fish Meal. Insoluble fish meal protein prepared as described above was diazotized according to procedures outlined by Mahadevan et al. (1979) . For preparation of reduced diazo fish meal, the mercaptoethanol reduction described above was conducted first, and then the reduced protein was diazotized.
Performic Oxidation of Serum Albumin and Ribonuclease A. The procedure used was that described by Hirs (1967) . One milliliter of 30% (w/w) hydrogen peroxide and 19 ml of 99% formic acid were reacted at room temperature for 2 hours. The mixture was cooled in an ice-salt bath to -5 C and kept at that temperature for 30 minutes. A solution of 200 mg of serum albumin in 10 ml of 99% formic acid and 2 ml of the methanol was cooled at -5 C for 30 minutes. The two solutions were mixed and kept at -5 C for 3 hours. At the end of the reaction, 600 /amoles of sodium sulfite were added to destroy the excess of performic acid. The reaction mixture was dialyzed for 72 hr against water in the cold. Ribonuclease A (100 mg) was reduced according to the same procedure but correspondingly scaled down.
Protein Assays. All samples (treated and untreated) were assayed for protein content by the Miller (1959) method, and suitable aliquots containing 6.25 mg protein were used for each incubation. Insoluble protein samples were subjected to brief sonic disruption in a Bronson Sonifier Cell Disruptor to provide uniform suspensions before protein assay.
Determination of Protein Degradation with Diazotized Feed Proteins and Crude Rurnen
Microbial Fraction. Diazotized feed proteins (6.25 mg protein) were incubated with 300/al of the crude rumen microbial suspension (6.9 mg protein) and 200/amoles of potassium phosphate buffer, pH 7.6, in a total volume of 2.0 milliliters. Incubations were conducted for 18 hr at 37 C. The remainder of the procedure was as described by Mahadevan et al. (1979) .
From the amounts of protein hydrolyzed, the amount of amino acid released (for comparison with other experiments) was calculated with a value of 6.5/amoles amino acid = 1 mg protein.
Determination of Protein Degradation by the Ninbydrin Method witb Bacteroides Amylopbilus Protease.
Incubations at 37 C contained 200/amoles of potassium phosphate buffer, pH 7.6; 6.25 mg of substrate protein, and 156 #g of the partially purified B. arnylopbilus protease in a total volume of 2.0 milliliters. For each time period, incubations without substrate or without enzyme were also carried out as controls. The incubations were conducted at pH 7.6 because separate experiments with casein showed that this was the optimum pH for protease activity. Reactions were stopped by the addition of 50 #1 of concentrated perchloric acid. The tubes were cooled on ice for 30 min and centrifuged at 30,000 x g for 20 min, and a portion (200 #1) of the supernatant was analyzed for liberated amino acids by the ninhydrin method (Moore and Stein, 1954) . The results are expressed as nanomoles amino acids with glycine as a standard.
No amino acid deaminase activity could be detected in the protease preparation when incubated in .1 M potassium phosphate buffer, pH 7.6, with 2 #moles of leucine or isoleucine for periods ranging from 1 hr to 18 hours.
Results and Discussion
Some experiments were conducted with a crude rumen microbial fraction to determine whether results obtained with the B. arnylopbilus protease were comparable to those obtained with the crude microbial fraction. For these experiments, the diazotized feed proteins had to be used, which permits determination of undigested feed protein in the presence of microbial protein (Mahadevan et al., 1979) .
B. amylopbilus was shown by Abou Akkada
and Blackburn (1963) to be one of the principal proteolytic organisms in the rumen. One of the primary problems in studying protein breakdown by rumen organisms via the ninhydrin method for the determination of liberated amino acids has been that free amino acids are deaminated very rapidly by most organisms. However, as shown by Abou Akkada and Balckburn (1963) and confirmed in the present study, B. arnylopbilus strain H18 does not have amino acid deaminease activity. Thus, a partially purified protease from this organism offers a distinct advantage in allowing determination of protein degradation by measurement of liberated amino acids by the ninhydrin method. Moreover, this approach permits studies involving proteins that can be subjected to a number of chemical modifications. For these reasons, most of the experiments reported here were conducted with the protease preparation from B.
arnylopbilus.
When incubated with either the crude microbial fraction or with the B. arnylopbilus protease for different time intervals (except with casein or the chemically modified proteins), a lag in hydrolysis of up to 6 hr was observed. The lag is probably due to the inaccessibility of the susceptible sites of the proteins to the protease. These sites might become exposed with time of incubation or chemical modification. Therefore, most of the incubations were continued up to 18 hours. The reactions were linear between 6 and 18 hours. Unless otherwise indicated in the tables, rates of hydrolysis were calculated from the values obtained for the 12-hr interval between 6-hr and 18-hr incubations.
Results in table 1 indicate that soluble and insoluble proteins from soybean meal were degraded at similar rates with either the crude microbial fraction or the partially purified B.
arnylopbilus enzyme.
Among the pure soluble proteins, casein was most rapidly degraded by the protease (table  1) . No hydrolysis of either serum albumin or ribonuclease A was evident up to 4 hr of incubation. Even on prolonged incubation, these soluble proteins were degraded at about one-fifth the rate of hydrolysis of casein. Resistance of serum albumin to degradation has been noted in vivo (Annison, 1956) and in vitro with a crude microbial fraction (Mahadevan et al., 1979) .
Soluble feed proteins from soybean meat aRates were calculated from the amounts of protein hydrolyzed between 6 and 18 hr of incubation. Rates for casein and soluble fish meal protein were calculated from the amount of protein hydrolyzed between 0 and 2 hr of incubation.
bMean -+ SEM.
and rapeseed meal were hydrolyzed at about one-fourth the rate of hydrolysis of casein. Soluble protein from fish meal was hydrolyzed at about double the rate of hydrolysis of soluble proteins from soybean meal or rapeseed meal. However, none of the three soluble protein preparations was hydrolyzed as rapidly as casein. These results show that soluble proteins may not all be degraded at the same rate by rumen proteases. Among the insoluble proteins tested, those from soybean meal were most rapidly degraded. Insoluble proteins from rapeseed meal and fish meal were hydrolyzed at about half the rate of insoluble soybean meal proteins. Insoluble soybean meal protein, as pointed out earlier, was hydrolyzed as rapidly as the soluble proteins from soybean meal. Pichard and Van Soest (1977) used Streptomyces griseus protease and found that insoluble proteins of some forages include a rapidly degradable fraction and a more slowly degradable fraction. However, Mertens (1977) assumed that all insoluble proteins were hydrolyzed at about 50% the rate of soluble proteins such as casein. The present results with proteins from soybean meal indicate that this assumption might be in error.
Results in table 2 show that many proteins (both soluble and insoluble) that were resistant to degradation (see table 1) became easily degradable after treatment with mercaptoethanol or performic acid. It should be pointed out that when insoluble rapeseed meal or insoluble fish meal proteins were treated with mercaptoethanol, a small fraction (2 to 10%) of the total protein became soluble. However, this solubilized protein was removed by centrifugation before incubation so that only the modified, but still insoluble, protein was used as substrate.
It is apparent that with these insoluble proteins, solubility is not the criterion that determines their resistance or susceptibility to degradation. Special structural features might be involved. Since mercaptoethanol and performic acid treatments are known to break the disulfide bonds in proteins specifically (Means and Feeney, 1971) , it can be concluded that the natural resistance of the proteins studied is due to the stabilizing effect of disulfide bridges. In this connection, it is interesting that crystalline bovine serum albumin has 16 disulfide bonds (Brown, 1977) and ribonuclease A has four (Anfinsen and White, 1961) . In contrast, casein, which is most rapidly degraded, has neither disulfied bonds nor any helical structure (Mercier et al., 1972 ). It appears possible to predict from the disulfide content of the protein whether the protein will be susceptible or resistant to degradation by rumen bacterial protease.
Many chemical treatments have been used to bRates of hydrolysis were calculated from the amount of protein hydrolyzed between 0 and 2 hr of incubation, except for diazo insoluble fish meal samples, for which the amount of protein hydrolyzed between 4 and 18 hr of incubation was used for the calculation.
CMean -+ SEM. make the feed proteins resistant to degradation in the rumen (Chalupa, 1975; Broderick, 1975) . However, the possibility of introducing disulfide bonds into proteins has not been tested. Methods for such transformation (e.g., oxidation of the sulfhydryl bonds with hydrogen peroxide or treatment with sodium tetrathionate [Means and Feeney, 1971] ) are available.
Results of the present study and of others (Pichard and Van Soest, 1977; Crawford et al., 1978) show that in vitro determination of protein solubility may not be a good measure of the degradability of feed proteins. Feed protein degradation should be measured directly, and techniques for this process are available (Broderick, 1978; Mahadevan et al., 1979) .
